The regulation of the late viral gene expression in betaherpesviruses is largely undefined. We have previously shown that the murine cytomegalovirus proteins pM79 and pM92 are required for late gene transcription. Here, we provide insight into the mechanism of pM79 and pM92 activity by determining their interaction partners during infection. Co-immunoprecipitationcoupled MS studies demonstrate that pM79 and pM92 interact with an array of cellular and viral proteins involved in transcription. Specifically, we identify RNA polymerase II as a cellular target for both pM79 and pM92. We use inter-protein coevolution analysis to show how pM79 and pM92 likely assemble into a late transcription complex composed of late transcription regulators pM49, pM87 and pM95. Combining proteomic methods with coevolution computational analysis provides novel insights into the relationship between pM79, pM92 and RNA polymerase II and allows the generation of a model of the multi-component viral complex that regulates late gene transcription.
Cytomegaloviruses (CMVs) are ubiquitous pathogens with high prevalence rates in humans and animals [1] . Although the majority of human cytomegalovirus (HCMV) infections are asymptomatic, HCMV infections cause significant morbidity and even mortality in immunocompromised individuals, including AIDS patients or transplant recipients [2] [3] [4] . HCMV can also cause devastating disease in neonates after in utero or perinatal acquisition [5] [6] [7] . HCMV infection occurs in 0.5-2 % of live births and causes hearing loss and neurodevelopmental disabilities in a substantial fraction of these infected neonates [4, [6] [7] [8] [9] . Despite intensive research efforts, there is currently no commercially available HCMV vaccine. Furthermore, the use of available antiviral drugs, such as cidofovir or ganciclovir, has not been approved in pregnant women due to the potential toxicity to the neonate or foetus and to a lesser extent by emergence of drug-resistant mutants [10] . Further study is necessary to develop effective strategies to prevent or mitigate the large burden HCMV imposes on humans worldwide.
CMVs are species specific [1] . HCMV does not infect cells of non-human origin, precluding in vivo studies of HCMV in animal models. Murine cytomegalovirus (MCMV) has served as a surrogate model to study HCMV biology due to its conservation of virion structure, genome organization, gene expression and tissue tropism [11] [12] [13] [14] . We hypothesize that the study of conserved lytic genes in MCMV will contribute to our understanding of their roles in viral replication of HCMV. A more complete understanding of the role of viral genes in lytic infection may provide novel therapeutic antiviral targets.
Viral gene expression during all herpesvirus lytic infections is temporally regulated and sequentially divided into immediate early (IE), early and late phases [1] . IE genes are expressed first, requiring only the proteins associated with incoming virions and cellular transcription factors. IE genes transactivate the early genes and modulate the cellular microenvironment to permit viral DNA replication. Following viral DNA replication, late genes coding for structural proteins are expressed. Though the regulation of IE and early gene expression has been extensively studied, the regulation of late gene expression is largely unknown. Previous studies have identified that six HCMV genes (UL49, UL79, UL87, UL91, UL92 and UL95) encode regulators of viral late gene expression [15] [16] [17] [18] [19] . M79 and M92, the MCMV homologues of UL79 and UL92, respectively, are also required for late gene expression [20, 21] . Importantly, pM92 (the protein product of M92) can complement HCMV deficient in pUL92 (the protein product of UL92), indicating that the functional role of the two proteins is conserved in HCMV and MCMV. M79 and M92 do not have homologues in alphaherpesviruses, such as herpes simplex virus 1, and the mechanism by which these genes function has not been determined. However, recent work in EpsteinBarr virus (EBV) has suggested that pM79 and pM92 may be components of a viral transcription complex with pM49, pM87, pM91 and pM95 [19] .
During herpesvirus infection, host RNA polymerase II (RNAP II) and its associated transcription machinery are responsible for the transcription of viral genes. RNAP II is a 12 subunit DNA-dependent RNA polymerase that is responsible for transcribing nuclear genes encoding messenger RNAs [22] . RNAP II and its general initiation factors assemble on promoter DNA, creating a large multi-protein DNA complex that supports accurate transcription initiation. During herpesvirus infection, host cell transcription factors are also regulated by virus-encoded transactivators [23] [24] [25] . This has been shown in herpes simplex virus 1 [26] [27] [28] [29] [30] [31] and murine gammaherpesvirus 68 [32, 33] . Although HCMV regulation of the RNAP II complex during infection has only begun to be explored, pUL79 was recently found to act as a RNAP II elongation factor, facilitating viral transcription [34] . Interestingly, the six HCMV late gene regulators can complement a late transcription defect in EBV [19] , suggesting that the betaherpesvirus and gammaherpesvirus late transcription machinery functions similarly and that the six late gene regulators may form a complex. However, further investigation is needed to more completely understand the composition of this complex and the mechanism by which RNAP II regulation is modulated by CMV during late gene transcription. pM79 and pM92 interact with an array of viral and cellular proteins during CMV infection In this study, we used a proteomic approach to systematically identify protein interaction partners of pM79 and pM92. Using the Smith strain of MCMV, we created recombinant virus in which the M79 or M92 ORF was tagged with a 3Â FLAG sequence [20, 21] . The M79 ORF was tagged on the C-terminus (SM79flag) and the M92 ORF was tagged on the N-terminus (SMflag92) so that protein complexes containing either tagged protein could be isolated by coimmunoprecipitation with an anti-FLAG antibody. We have previously established that SM79flag and SMflag92 grew similarly to SMgfp (wild-type virus) in mouse embryonic fibroblast 10.1 (MEF10.1) cells [35] , demonstrating that the FLAG tag did not interfere with the function of the tagged gene or neighbouring genes [20, 21] Lysates were cleared of cellular debris by centrifugation and immunoprecipitated by incubating with dynabeads (Novex, Life Technologies) conjugated to FLAG antibody (F1804; Sigma-Aldrich). After an overnight incubation, the beads were magnetically collected, and the post-immunoprecipitated lysate was saved as the 'flow-through' (FT) sample. The beads were then washed four times with extraction buffer, and the first wash was saved as the 'wash' (W) sample. The beads were then mixed with sample buffer and boiled to elute FLAG-associated proteins. The beads were magnetically removed, and the liquid fraction was saved as the 'elution' (E) sample. Immunoprecipitated proteins were resolved by SDS-PAGE and visualized by silver staining using the ProteoSilver Plus Silver Stain Kit (Sigma). The same procedure was performed for cells infected with SMgfp as a negative control. Silver-stain analysis revealed a number of protein bands that were unique to the samples from SM79flag-or SMflag92-infected cell lysates that were absent in the SMgfp control lane (Fig. 1a) . We extracted the protein bands that were easily visualized and determined their identities by MS. As a negative control, we also extracted gel bands from the SMgfp sample with migrating positions corresponding to those of the SM79flag-and SMflag92-specific protein bands. Table 1 lists the full set of cellular and viral proteins that were identified exclusively in the SM79flag and SMflag92 samples, but not present in the SMgfp sample. It is worth noting that the bait protein pM92 was not identified in the SMflag92 samples. This is due to a limitation with the gel extraction process. We wanted to avoid extracting the antibody light-chain band, so we did not isolate any gel fragments near the~25 kDa band, which coincides with the size of pM92.
Our analysis revealed that pM79 and pM92 shared many interaction partners during infection. This was consistent with our previous report that viruses deficient for either of these proteins have similar phenotypes [20, 21] . The list of cellular proteins can be categorized into several functional groups. The most prominent group of cellular proteins that copurify with pM79 and pM92 is that of proteins involved in transcription. These include RNA helicases, histones and, most notably, three of the RNAP II subunits (Table 1) . Moreover, several viral proteins that are conserved in betaherpesviruses were found to complex with pM79 and pM92, including pM87 and pM95. The HCMV homologues of these two proteins as well as pUL79 or pUL92 have been shown to be essential for viral late gene expression [15-17, 21, 36, 37] . Finally, several cellular proteins involved in post-transcription mRNA activities, including proteins involved in splicing and translation, were also copurified with pM79 and pM92. This common set of transcription factors that copurified with pM79 and pM92 suggests that these two viral proteins may act synergistically in late viral gene transcription.
RNAP II is a common cellular interaction partner of pM79 and pM92
We validated the interaction of pM79 and pM92 with RNAP II by immunoprecipitation (IP) and immunoblotting analysis. MEF10.1 cells were infected with SM79flag, SMflag92 or SMgfp (negative control). Cell lysates were collected at 48 h post-infection and immunoprecipitated using an anti-FLAG antibody. The IP elutions were resolved by SDS-PAGE gel and transferred onto a PVDF membrane. Proteins of interest were detected by hybridizing the membrane with both FLAG antibody and a RNAP II antibody that recognizes the Rpb1 subunit (sc-899X, Santa Cruz), followed by the appropriate HRP-coupled secondary antibodies (Jackson Laboratory), and were visualized by using SuperSignal West Pico enhanced chemiluminescent substrate (Thermo Scientific). The results indicate that RNAP II copurifies with both pM79 and pM92 FLAG-tagged proteins (Fig. 1b) . This interaction was specific for the FLAG-tagged proteins as RNAP II did not copurify with the SMgfp control sample. It should be noted that the volume of whole cell lysate sample used for the immunoblot was chosen to optimize visualization of the Rpb1 band. As a result, the less-intense FLAG band is not detectable in this lane. These interactions were confirmed by reciprocal IP using the Rpb1 antibody (Fig. 1c) . As expected, pM79 and pM92 copurified with RNAP II, but no FLAG band was detected in the SMgfp control sample. Finally, the specificity of the RNAP II interaction was further confirmed by transfecting cells with a plasmid expressing either haemagglutinin (HA)-tagged pM79 (pM79ha) or HA-tagged viral protein pM38 (pM38ha) and infecting cells with SMgfp. We collected lysates and performed IP using an anti-HA antibody. The results show that RNAP II copurified with pM79ha during infection but did not copurify with pM38ha (Fig. 1d) . Taken together, these results confirm that pM79 and pM92 specifically interact with RNAP II during infection. This is the first time (to our knowledge) that pM92 or its homologues has been shown to complex with RNAP II during infection.
Coevolution analysis predicts that the MCMV transcription regulators form a complex in which pM95 is the hub Although evidence exists that the six viral regulators form a functional entity sufficient for late gene transcription, rigorous analyses of the protein-protein interactions involved in the formation of this complex and presence of associated cellular factors have not been determined [19, 38] . Coevolution between interacting protein families is a well-characterized process and can be qualitatively observed by similarity of protein phylogenetic trees. Tree similarity can be quantified and statistically demonstrated to be related to protein interactions in large datasets of interacting families [39] [40] [41] [42] . We used the similarity between phylogenetic trees for five of the six late gene regulators to computationally identify the interaction partners of each protein and predict the arrangement of each protein in the viral late transcription complex. (pUL91 is a small protein with insufficient homology to be included in this analysis.) This type of coevolution analysis has been shown to accurately predict inter-and intra-protein interactions and in certain circumstances has even been used to identify specific interaction surfaces/protein interfaces [43] [44] [45] . Of the 178 herpesvirus sequences available between the National Center for Biotechnology Information and UniProt databases, 58 had a sufficient number of homologous sequences that could be aligned for phylogenetic analysis (Fig. 2a) . We utilized the Mirrortree server to graphically and interactively study the pair-wise evolutionary relationship between pM49, pM79, pM87, pM92 and pM95. Briefly, the Mirrortree server generates a phylogenetic tree for the provided lists of orthologues and then analyses the lengths of the branches separating each pair of proteins and generates a distance matrix (Fig. 2b ). The distance matrices are then compared, and the similarity between the two orthologues is calculated.
Significant correlation values are selected based on significance cut-offs of P value <0.00005. Since direct interactions are not known for CMV late gene regulators, the interactions identified for homologues in gammaherpesvirus -ORF24-ORF34 and ORF31-ORF34 -were used as validation for our analysis [33, 38, 46] (Fig. 2d) . Thus, pM87-pM95 and pM92-pM95 were considered 'true' interactions and had expected correlation coefficients equal to that for the homologue interactions. The results of our Mirrortree analysis demonstrate that both of the true interactions were detected at a correlation coefficient better than 0.973 (Fig. 2d) . Since the correlation coefficient measures the strength of the linear dependence between two proteins, a value of 1.0 would imply perfect coevolution and the highest confidence of protein interaction (Fig. 2c) . Therefore, the observed value of 0.973 for our true interactions is very stringent and was used as a reference to assess the strength of the other pair-wise interactions [40, 41, 44] . As a point of comparison, we obtained a correlation coefficient of 0.76 when analysing a pM55-pM87 interaction -two viral proteins that do not interact (data not shown). A value of 0.973 was used as an empirical cut-off in discriminating between true and false interactions. The pair-wise comparisons with the highest correlation coefficients were pM87-pM95 and pM92-pM95, as well as previously unidentified interactions between pM49-pM92, pM49-pM95 and pM79-pM95 *Sum of the unique ions scores, excluding the scores for duplicate matches. A small correction is applied to reduce the contribution of low-scoring random matches (www.matrixscience.com/help/scoring_help.html for details on the scoring). †Number of times expected to obtain an equal or higher score, purely by chance. The lower the value, the more significant the result. ‡Extent of the known protein that was identified by peptide matches. M92 protein sequences Fig. 2 . Phylogenetic coevolution analysis identifies the organization of the viral transcription complex. (a) Mirrortree was used to create a comparison between the phylogenetic trees for herpesvirus proteins pM79 (left) and pM92 (right). Fifty-eight sequences consisting of both betaherpesvirus and gammaherpesvirus homologues of pM79 or pM92 were aligned, and the phylogenetic trees generated with bootstrap values (>700) from 1000 replicates are shown. Homologues from the same organisms are linked by the colour-coded lines. This tree serves as a representative for the Mirrortree coevolution analysis done for all 15 pair-wise combinations of viral proteins pM49, pM79, pM87, pM92 and pM95. The colour-coded lines repeat a cycle of six colours (black, blue, yellow, grey, orange, magenta) ten times; each cycle is denoted by the numbers in the centre column. Sequences were acquired from UniProt database, including: alcelaphine, 1-black (O36368, O36380); ovine, 1-blue (A1BM07, A1BM19); bovine, 1-yellow (A0A060CXI0, A0A060D305); ateline, 1-grey (Q9YTP8, Q9YTN5); saimiriine herpesvirus (HV)-2, 1-orange (Q01003, Q01011); equine, 1-magenta (Q66621, Q66634); Kaposi's sarcoma-associated herpesvirus (KSHV), 2-black (D0UZN0, E5LBV4); KSHV type P, 2-blue (Q2HRB4, Q2HRA1); KSHV type M, 2-yellow (P88912, P88920); retroperitoneal, 2-grey (U5NIU6, U5NM51); Macaca fuscata rhadinovirus, 2-orange (Q53D40, Q53D17); Macaca mulatta rhadinovirus, 2-magenta (Q9WRT4, Q9WRS1); rhesus monkey rhadinovirus, 3-black (Q9J2L8, Q77NK1); murid HV-68, (Fig. 2d) . The diagram that results from this coevolution analysis suggests that pM95 is the hub that bridges the interaction of TATA-binding pM87 with the rest of the viral transcription complex (Fig. 2e) .
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Conclusion
The expression of late genes is a critical step in the lytic infection of CMV, and key proteins identified in this process will be attractive targets for specific antiviral strategies. In this study, we provide new insight into the regulatory mechanism of viral transcription mediated by the proteins pM79 and pM92, including their putative role in forming a complex with pM49, pM87 and pM95 that interacts with RNAP II. Furthermore, our coevolution computation studies suggest that pM95 is the hub that bridges the TATAbinding pM87 and the rest of the complex. Future studies of these proteins will focus on their role in assembling the viral transcription complex and identifying the cellular proteins they recruit to the complex. It has been shown that the HCMV homologue pUL79 is involved in the elongation process of RNAP II on viral transcripts [34] . How the other members of the viral complex function to modulate RNAP II during viral infection will require further investigation.
However, the experimental identification of the interaction of pM79 and pM92 with RNAP II, together with the in silico analysis of the transcription complex, provides novel insight into the organization of the viral transcription complex and will inform future studies into the poorly understood regulation of late gene transcription. 
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The authors declare that there are no conflicts of interest. I3WF00) ; macacine HV-3, 9-black (Q2FAK5, Q2FAI4); simian CMV, 9-blue (G8XTE1, G8XTF4); simian CMV strain Colburn, 9-yellow (G8XTX5, G8XTY8); chimpanzee CMV, 9-grey (Q8QS20, Q8QS08); HCMV, 9-orange (C8BLF6, C8BL35); HHV-5, 9-magenta (C8CFT3, C8CFU5); HCMV strain AD169, 10-black (P16752, P16798); HCMV strain Merlin, 10-blue (Q6SW63, F5HAS7); HCMV strain Toledo, 10-yellow (D3YS03, D3YS15); HCMV strain Towne, 10-grey (B9VXN7, B9VXP9). (b) A scatterplot representing the coevolution relationship between the phylogenetic trees of pM79 and pM92 seen in (a). Each dot in the plot represents the distance between a pair of species in both trees. The correlation between the inter-protein distances in both phylogenetic trees has been assessed, and the interactions highlighted in red have the strongest correlation. Based on the Mirrortree score of 0.943, it is clear that there is a close coevolution between pM79 and pM92 (c, bottom panel). The interactions that do not fit the trend (in green) can all be attributed to three species: macacine, 4-magenta (Q8UZJ8, Q8UZF4); cynomolgus macaque CMV, 8-orange (G8H1A3, G8H1D6); rhesus CMV, 8-magenta (I3WFB7, I3WF00). The evidence of coevolution in these three species is weak for all five of the regulators (pM49, pM79, pM87, pM92 and pM95). (c) These panels illustrate the correlation coefficient of the coevolution scatterplot seen in (b). The correlation coefficient is a statistical measure that indicates the strength of the relationship between the inter-protein interactions of the pM79 and pM92 phylogenetic trees. Mirrortree provides a colour scale to demonstrate the strength of the correlation, from red (low evidence of coevolution) to green (high evidence of coevolution). Upon initial analysis, pM79 and pM92 have a coevolution score of 0.76 (top panel), which is a score expected when comparing any two proteins that are part of the same viral proteome. Though a decent correlation exists, it is not strong enough to imply that pM79 and pM92 are part of the same pathway, let alone interacting partners. After removing the three species that have discordant, weak coevolution correlation seen in (b), the coevolution coefficient increases to 0.943 (bottom panel; based on 55 species), implying a very close coevolution between pM79 and pM92. (d) A table that displays the correlation coefficients for all 15 pair-wise interactions performed in the Mirrortree coevolution analysis for CMV late gene regulators and 2 validating interactions for the homologues in gammaherpesvirus. The correlation coefficient for all interactions is greater than 0.943, providing strong evidence that all of these proteins are involved in the same pathway. However, only interactions greater than 0.973 are posited as representing protein interaction partners. A value of 0.973 was chosen as the cut-off because it is the correlation coefficient of the interaction between pM87 and pM95, which has been confirmed for the gammaherpesvirus homologues ORF24-ORF34. (e) A diagram of putative protein interactions identified using the comparative analysis of the coefficient values, highlighting the central role of pM95 in bridging the TATA-binding pM87 with the rest of the complex.
